INTRODUCTION
============

To function, mitochondria rely on nuclear-encoded genes as well as on a few genes coded by their own genome \[mitochondrial DNA (mtDNA)\], a 16.5 bp circular molecule that in humans codes for 13 proteins essential for oxidative phosphorylation, 22 tRNAs and 2 rRNAs. mtDNA molecules are packaged in a few copies into nucleoprotein complexes, nucleoids, that include the mitochondrial replicative DNA polymerase γ (Polγ), and transcription factor A, mitochondrial (TFAM), a transcription and DNA-packaging factor ([@gkt015-B1]). Several hundreds nucleoids are present in cells, resulting in 10^3^--10^4^ copies of mtDNA in most human somatic cells, but this number changes during development and depends on tissue-specific factors ([@gkt015-B2]). The elevated number of mtDNA copies is essential for cell function, and depletion of mtDNA may cause disease ([@gkt015-B3]). Mutations of mtDNA have been also associated with diseases, including when only a fraction of the molecules is mutated ([@gkt015-B4]). Mitochondria exist as isolated entities as well as interconnected mitochondrial network, where dynamics are regulated by fusion and fission processes ([@gkt015-B5]). Fusion mixes individual compartments and complements possible defects, as in the presence of mutated mtDNAs ([@gkt015-B6]). Release of mtDNA from the organelle, detected for instance in some cancers, is considered an indicator of cell damage ([@gkt015-B7]). mtDNA fragments are occasionally integrated in the nuclear genome of eukaryotes including humans ([@gkt015-B8],[@gkt015-B9]), with activity linked to DNA replication in yeast ([@gkt015-B10]).

The mitochondrial genome is replicated and transcribed autonomously in the organelle, but the proteins necessary for these processes are coded in the nucleus. Strong nuclear--mitochondrial communication is therefore necessary to ensure the mitochondrial function. A large number of evidences indicate that unidirectional mtDNA replication starts at the O~H~ origin, located in the regulatory D-loop region, and displaces the parental heavy strain until a second replication origin O~L~ on the light strain is exposed, which initiates DNA synthesis in the opposite direction \[reviewed in ([@gkt015-B11])\]. However, alternative replication strategies have also been reported ([@gkt015-B12],[@gkt015-B13]). Replication at origin O~H~ frequently terminates ∼700 bp downstream resulting in 7S DNA, which forms a triple-stranded structure with the parental DNA, the 'displacement loop' or D-loop ([@gkt015-B14]). The frequency of D-loop structures in mtDNA molecules is variable depending on the cell and growth conditions, but the function of the D-loop is still unknown ([@gkt015-B11]).

Differently from hundreds or thousands of mtDNA copies per cell, two copies of the nuclear genome are present in somatic cells, where replication is strictly regulated by a complex series of events and checkpoints ([@gkt015-B15]). The cell cycle comprises a long growth phase (G1), DNA replication (S), a short growth phase (G2) and cell division or mitosis (M). Whether the synthesis of mtDNA is coordinated with the cell cycle is still debated, and controversial observation on this topic has been reported in the past 40 years. Indeed, mtDNA replication is believed to occur continuously ([@gkt015-B11],[@gkt015-B16],[@gkt015-B17]), although mtDNA synthesis at specific phases of the cell cycle, in particular S and G2, has also been reported ([@gkt015-B18; @gkt015-B19; @gkt015-B20]). Moreover, the use of different synchronization procedures resulted in either mtDNA synthesis restricted to phases S and G2 (selective cell detachment) or continuous synthesis during the cell cycle (double thymidine) ([@gkt015-B21]). Interestingly, high levels of Polγ activity were observed in phases S and G2 ([@gkt015-B22]). Furthermore, mitochondrial biogenesis ([@gkt015-B18]) appears to be regulated during the cell cycle, although a previous report indicated no link between mitochondrial growth and the cell cycle ([@gkt015-B23]). Coordination between mitochondrial energetics and cell cycle progression has also been shown ([@gkt015-B24]), and the molecular mechanisms linking cell proliferation and the mitochondrial metabolic machinery start to be elucidated ([@gkt015-B25]). Importantly, the formation of a giant mitochondrial tubular network has been shown during the G1-S transition phase that triggers expression of cyclin E and therefore S-phase progression ([@gkt015-B26]), thereby linking mitochondria and cell cycle. Moreover, it has been found that 7S DNA synthesis is synchronized with nuclear DNA (nDNA) synthesis ([@gkt015-B27]). Thus, an increasing number of evidences support a link between mitochondrial dynamics and cellular events, in agreement with the notion that dividing cells must be metabolically prepared to deal with the energy demand of proliferation. However, it remains unresolved whether mtDNA synthesis and transcription are correlated with the cell cycle.

The distinct analysis of mitochondrial and nuclear markers at the single-cell level may help elucidating this point. We used a novel imaging protocol ([@gkt015-B28]), which identifies mitochondrial subpopulations engaged in the initiation of mtDNA replication and/or rich in transcripts, and at the same time inspected nuclear events. We thus assessed the dynamics of mtDNA processing in single cells and show that mtDNA replication and transcription are prevalently coordinated with the cell cycle.

MATERIALS AND METHODS
=====================

Culture conditions and synchronization
--------------------------------------

Human HeLa cells were grown in minimal essential medium (Gibco) with 10% foetal bovine serum (FBS) at 37°C and in the presence of 5% CO~2~. Cells were synchronized at 25--30% confluence. Cells synchronized by serum starvation were cultured in 0.1% FBS for 3 days to accumulate in G0. Cells were treated with nocodazole (200 ng/ml) for 16 h to induce mitotic arrest (G2/M). Synchronization in G1/S with double thymidine was done with 2 mM thymidine for 16 h followed by 10 h in fresh medium, then 14 h with 2 mM thymidine. Following the synchronization procedure, cells were washed three times in phosphate buffered saline buffer (PBS) and released in 10% FBS containing medium for the indicated times.

Bromodeoxyuridine incorporation
-------------------------------

Cells were incubated for 10 min in the presence of 100 µM bromodeoxyuridine (BrdU), fixed in 2% paraformaldehyde (PFA) (10 min), treated for 10 min with 4 N HCl and 0.5% Triton X-100, and neutralized for 30 min with 100 mM sodium borate ([@gkt015-B26]). Cells were then immunolabelled with anti-BrdU antibody.

Immunofluorescence, reagents and antibodies
-------------------------------------------

Cells plated on slides were fixed with 2% PFA and permeabilized with 0.5% Triton X-100. Slides were incubated in blocking buffer (bovine serum albumin 5% in PBS) for 1 h and then with the primary antibody for 1 h. DNA was stained with 10 µg/ml of Hoechst. BrdU, anti-TOM22 Atto488, Hoechst 33342, nocodazole and thymidine were purchased from Sigma; anti-BrdU antibody from BD Biosciences; proliferating cell nuclear antigen (PCNA), TFAM, Pol*γ*, and glyceraldheyde 3-phosphate dehydrogenase (GAPDH) antibodies from SantaCruz Biotechnology; goat anti-mouse and goat anti-rabbit Alexa® Fluor 555 or Alexa® Fluor 488 conjugated secondary antibodies (Invitrogen).

Probe labelling and denaturation
--------------------------------

DNA probes for fluorescence *in situ* hybridization (FISH) were labelled by nick translation of PCR products, incorporating Atto425-dUTP, or Atto488-dUTP, or Atto550-dUTP (Atto425/Atto488/Atto550 NT Labeling kit, Jena Bioscience). Primers used for PCR amplification of DNA probes are listed in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1). In all, 40 ng of labelled probes were mixed with 400 ng of sonicated salmon sperm DNA (Sigma) in the hybridization buffer \[50% formamide, 10% dextran sulfate, in 2 × saline-sodium citrate buffer (SSC) pH 7.0\], denatured at 80°C for 10 min and then kept at 37°C for 30 min.

Mitochondrial transcription and replication imaging protocol
------------------------------------------------------------

Cells plated on slides were fixed with 2% PFA and permeabilized with 0.5% Triton X100, incubated in 50% formamide/2 × SSC pH 7.0 for 30 min at room temperature, and denaturated in 70% formamide/2 × SSC for 4 min at 75°C. Hybridization was done with 40 ng of probe (single probe or mix) for 16 h at 37°C. Slides were washed in SSC, and DNA was stained with 10 µg/ml of Hoechst.

Confocal acquisition, 3D reconstruction and quantification
----------------------------------------------------------

Confocal acquisitions were performed using a spinning-disk Perkin-Elmer Ultraview RS Nipkow Disk, an inverted laser-scanning confocal microscope Zeiss Axiovert 200 M with an Apochromat 63×/1.4 oil objective and a Hamamatsu ORCA-II-ER camera (Imagopole, Institut Pasteur). Optical slices were taken every 200-nm interval along the *z*-axis covering the whole depth of the cell, at resolution of 1.024/1.024 pixels. 3D reconstruction was achieved using the IMARIS software (Bitplane). Fluorescence quantification was done using a single-imaging frame collection and ImageJ 1.34-s software (post-acquisition analysis). For each sample, 50 cells were analysed from three independent experiments.

Statistical analysis
--------------------

The significance of differences between data was determined using Student's *t*-test for unpaired observations. \**P* ≤ 0.05; \*\**P* ≤ 0.01; \*\*\**P* ≤ 0.001.

Real-time quantitative polymerase chain reaction
------------------------------------------------

Total RNA was isolated from HeLa cells using the RNAeasy Mini kit (Qiagen), treated with DNaseI (Qiagen), then reverse transcribed using Superscript®III Reverse transcriptase (Invitrogen). Real-time quantitative polymerase chain reaction (RT-qPCR) was performed using Power Sybr Green PCR Master Mix (Applied Biosystems), and the rate of dye incorporation was monitored using the StepOne™ Plus RealTime PCR system (Applied Biosystems). Three biological replicates were used for each condition. Data were analysed by StepOne Plus RT PCR software v2.1 and Microsoft Excel. TATA box binding protein transcript levels were used for normalization of each target (=ΔCT). RT-PCR C~T~ values were analysed using the 2^−ΔΔCt^ method to calculate the fold expression ([@gkt015-B29]). Primers used for amplifications are listed in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1), with indicates the relative reference.

mtDNA content analysis by quantitative polymerase chain reaction
----------------------------------------------------------------

The quantification of mtDNA was performed by quantitative polymerase chain reaction (qPCR) amplification on 200 pg of total DNA using the StepOne™ Plus RealTime PCR system (Applied Biosystems) and Power Sybr Green PCR Master mix (ABI) following the manufacturer's instruction. Human mtDNA accession number: NC012920.1. The region tested on mtDNA was included in the 12S gene. When indicated, a region within 7S (primers A, B1) and a larger downstream region that also contain 7S (primers A, B2) were analysed, as described ([@gkt015-B27]). The nuclear encoded 18S rRNA gene was used as an endogenous reference. The level of mtDNA was calculated using the ΔC~T~ of average C~T~ of mtDNA and nDNA (ΔC~T~ = C~T~ nDNA − C~T~ mtDNA) as 2^ΔCT^ ([@gkt015-B30]). Primers used for amplification are listed in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1).

Protein extraction and western blot
-----------------------------------

Cells were lysed by lysis solution \[20 mM Tris, 18 mM NaCl, 0.5 % Lauryl β Maltoside, 1 mM MgCl~2~, 200 mM Na~4~P~2~O~7~, 1 mM ethylene glycol tetraacetic acid (EGTA), 20 mM NaF, 2 mM NaVO~4~, 1 mM Pefabloc (Sigma), 1 mM Aprotinin (Sigma), 1 mM Leupeptin (Sigma)\]. Protein content was determined with the Bradford reagent (Sigma), and 30 µg of protein were loaded for sodium dodecyl sulphate-polyacrylamide gel electrophoresis. After blotting, Hybond ECL nitrocellulose filters were probed with anti-Polγ and anti-TFAM antibodies. Detection was performed using Odyssey Infrared Imaging system scanner and Odyssey application software v3.0 (LI-COR Biosciences).

RESULTS
=======

Identification and quantification of mtDNA processing markers in single cells
-----------------------------------------------------------------------------

We recently developed an imaging approach, mitochondrial Transcription and Replication Imaging Protocol (mTRIP) that is a combination of DNA FISH and RNA FISH, and which can be also combined to immunofluorescence, as the treatment does not destroy proteins ([@gkt015-B28]). With mTRIP, we performed 3D confocal acquisitions of the fluorescent signal of either DNA probes or protein immunomarkers, or both in colabelling experiments, and measured the intensity of fluorescence of each marker per cell. The measurement was performed in the entire cell area, defined in the 2D rendering file, which results from 3D reconstruction of z-stacks ([Figure 1](#gkt015-F1){ref-type="fig"}A). 3D reconstruction and 2D rendering were obtained with the software Imaris and fluorescence intensity quantification with the software ImageJ. 3D analysis allows detecting signal in the entire volume of the cell, rather than in a single section, thereby providing comprehensive data collection for quantification. Probes called mREP and mTRANS are used here as *in situ* mtDNA processing markers (coordinates in the mtDNA are in [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)). Probe mREP, located upstream of the main replication origin O~H~, specifically labels DNA engaged in initiation of mtDNA replication, see [Figure 1](#gkt015-F1){ref-type="fig"}B and C \[and ref ([@gkt015-B28]); in this article, we show that mREP labelling is specific to DNA, as the signal is fully DNAse1 sensitive, and RNAseA and RNAseH resistant; moreover, mREP labelling is associated with limited incorporation of BrdU, an indicator of DNA replication, compatibly with the synthesis of short DNA chains and with an open DNA bubble at the initiation site\]. Probe mTRANS, a mix of three probes that label several rRNAs, mRNA and tRNAs is used as marker of mitochondrial transcripts \[[Figure 1](#gkt015-F1){ref-type="fig"}B and D; in ref. ([@gkt015-B28]), we show that mTRANS labelling is specific to RNA, as the signal is fully RNaseA sensitive, and DNaseI and RNaseH resistant\]. The localization of the FISH probes within the mitochondrial network is revealed in colabelling experiments with anti-TOM22, which recognizes a protein of the outer mitochondrial membrane, member of the Translocase of the Outer Membrane complex \[[Figure 1](#gkt015-F1){ref-type="fig"}C and D, and ([@gkt015-B28])\]. More in-depth, we previously showed that mTRIP signal colabels to the largest extent with nucleoid markers ([@gkt015-B28]), but given the limits of confocal fluorescence microscopy \[200 nm versus ∼70 nm average size of nucleoids ([@gkt015-B31],[@gkt015-B32])\] in this study, we refer to mitochondria or mitochondrial structures rather than nucleoids labelled by mTRIP. Figure 1.Experimental paradigm of FISH labelling with the mTRIP protocol. (**A**) Scheme of the 3D analysis of cells labelled with the mTRIP protocol (in this case probe mREP, upper panels, red) and also immunolabelled with TOM22 (middle panels, green). Merge is shown in lower panels. Steps 1--4 of data acquisition and processing are indicated. Briefly, optical z-slices of confocal acquisitions were 3D reconstructed, and then 2D volume rendered for fluorescence quantification, using the entire cell surface. (**B**) Schematic representation of the human mitochondrial genome (circular, below), and detail of the D-loop region at the level of the main replication origin (linear, above). The D-loop extends shortly beyond the 7S locus. In red are indicated the regions recognized by FISH probes used in this study (mREP and mTRANS). Single genes are indicated (tRNA genes with the corresponding letter). Ribosomal RNAs (*16S* and *12S*) are in dark grey. The D-loop region is shown in black in the circular genome. P~L~ and P~H1~--P~H2~, promoters of the L and H strand, respectively; O~H~, H-strand origin of replication. Probe mTRANS (mix of probes 1, 6 and 11, in red on the mt genome) labels only RNA, and includes 16S rRNA as well as mRNAs and tRNAs (see corresponding genes in the circular map). (**C**) Probe mREP (in red) recognizes only DNA in open structure ([@gkt015-B28]). Scheme on the left represents structures that are recognized by probe mREP within an open replication bubble either with or without DNA synthesis (the new DNA chain is in purple). Position of the origin O~H~ is indicated with a grey square, and the direction of replication with an arrow. Scheme on the right indicates structures that are not recognized by probe mREP because the replication bubble is either not formed at the level of O~H~ (no DNA replication) or it is present in a region far from O~H~ (elongating mtDNA). The mREP probe is indicated either as bound to the DNA (hatches represent hydrogen bonds) or unbound (line). Images show mTRIP labelling with probe mREP (see red foci) and immunostaining of the mitochondrial protein TOM22 (green) in a HeLa cell. Merge shows the distribution of mREP-labelled mitochondrial structures (initiation of mtDNA replication) within the mitochondrial network. (**D**) HeLa cell labelled with probe mTRANS and with anti-TOM22. Merge shows the distribution of transcript-rich mitochondrial structures (mTRANS) within the mitochondrial network. Scale bars = 10 µm.

With the mTRIP protocol and various combinations of single, double and triple labelling with probes mREP, mTRANS and the mitochondrial marker TOM22, we identified for the first time mitochondria engaged in initiation of mtDNA replication and distinct mitochondrial transcription profiles in single human cells. We detected a mosaic of mtDNA processing (replication and transcription) activities, namely (i) replication initiation active and transcript positive; (ii) replication initiation silent and transcript positive; and (iii) replication initiation silent and transcript negative, indicating that mitochondria may not be functionally alike inside a single cell.

Initiation of mtDNA replication precedes nDNA synthesis and is promoted again at the end of the S-phase in most mitochondrial structures
----------------------------------------------------------------------------------------------------------------------------------------

We used the mTRIP assay to assess the dynamics of DNA processing in mitochondria during the cell cycle in single cells. Mitochondria were analysed in synchronized HeLa cells released from G0 by relief from serum starvation, as described ([@gkt015-B26]). Cell cycle progression monitored by BrdU incorporation and PCNA (a protein involved in DNA replication) immunolabelling defined the S-phase at 16--20 h after release from serum starvation ([Figure 2](#gkt015-F2){ref-type="fig"}A--C). We first observed an increase in the mitochondrial mass \[measured by immunostaining of TOM22, as in ([@gkt015-B33]) and ([@gkt015-B28]), [Figure 2](#gkt015-F2){ref-type="fig"}D and E\] in G1 and in the S-phase, compatible with increased mitochondrial mass detected in proliferating cells with a mitochondrial ligand ([@gkt015-B25]). In the present experiments, we refer to the mitochondrial mass without specifying whether mitochondria are present as individual units or structured in the interconnected mitochondrial network. The increase in mitochondrial mass was confirmed by western blot of TOM22, and by high levels of transcripts of the mitochondrial biogenesis marker NRF1, from G1 to S ([Figures 2](#gkt015-F2){ref-type="fig"}F and [3](#gkt015-F3){ref-type="fig"}D). Variations in the mitochondrial mass were not directly correlated with the cell size ([Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1) and [D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)). Mitochondrial biogenesis was associated with a sharp increase in mREP labelling (initiation of mtDNA replication) in G1 and at the end of S-phase ([Figure 3](#gkt015-F3){ref-type="fig"}A and B). This finding was confirmed by increased levels of Polγ in early G1 and in the middle of S-phase by immunostaining ([Figure 3](#gkt015-F3){ref-type="fig"}C and [Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)) and western blot ([Figure 3](#gkt015-F3){ref-type="fig"}D). The increase in mREP signal during the cell cycle was associated with DNA synthesis of the H-strand and with the transient triple stranded 7S structure at about equivalent amounts ([Figure 3](#gkt015-F3){ref-type="fig"}E), as measured by qPCR using two sets of primers, as described ([@gkt015-B27]). Figure 2.Mitochondrial biogenesis during the cell cycle. (**A**) 3D-reconstructed HeLa cells synchronized in G0 by serum starvation. Anti-PCNA labelling (red) identifies phase of cell cycle. (**B**) Fluorescence intensity quantification of PCNA labelling. **(C)** Percentage of cells that incorporate BrdU (S-phase). Phases of cell cycle are indicated on top of columns. Code colours are constant for the histograms. (**D**) 3D-reconstructed HeLa cells immunostained with anti-TOM22 (green) to label the mitochondrial network. Cells in G2/M: pre-mitotic 'A' and post-mitotic 'B', according to the size of the nuclei. Magnification of the mitochondrial network is shown on the right low corner of each time point. (**E**) Fluorescence intensity quantification of TOM22 labelling. (**F**) RT-qPCR of mitochondrial biogenesis marker *NRF1*. *n* = 3. G2/M 'A' and 'B' cells cannot be separated in RT-qPCR experiments (single A + B column). *t*-test, each time point was compared with G0. Scale bars = 10 μm. Figure 3.Initiation of mtDNA replication during the cell cycle. (**A**) 3D-reconstructed HeLa cells synchronized in G0 by serum starvation and labelled with the mREP probe (red). Scale bar = 10 μm. Fluorescence intensity quantification of (**B**) mREP, and (**C**) Polγ (images shown in [Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)). (**D**) Western blot of TOM22, Polγ and loading control GAPDH protein (upper panel). Quantification of signal for TOM22 and Polγ is expressed in arbitrary units normalized to GAPDH (lower panels). (**E**) Estimation of 7S DNA and mtDNA content by qPCR using primers described ([@gkt015-B27]); see scheme below for position; *n* = 3. *t*-test, each time point was compared with G0.

Thus, mtDNA initiation of replication is elevated in G1 and during S-phase after release from serum starvation, and it precedes the biogenesis of the organelle. Interestingly, the distribution of mREP labelling ([Figure 3](#gkt015-F3){ref-type="fig"}A), combined to mREP and TOM22 signal intensity indicates that the higher levels of mREP are owing to the labelling of a larger fraction of mitochondria, rather than to an increased signal in a fixed fraction of mitochondria. Therefore, although mREP signal accounts for only ∼4% of the labelling of the mitochondrial mass (ratio of mREP/TOM22; [Supplementary Figure S3A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)) in G0, this percentage increases to ∼18% in G1 and 12% at the end of S-phase. Interestingly, at each phase of the cell cycle, a large fraction of mitochondria did not appear to be involved in initiation of replication. Taken together, these data indicate a temporally consequent series of events linked to activation of mtDNA replication and organelle biogenesis during the cell cycle, which is modulated by varying the fraction of organelles implicated in this process.

Mitochondrial transcription precedes mitochondrial and nDNA synthesis in most mitochondrial structures
------------------------------------------------------------------------------------------------------

We then assessed whether transcription of mtDNA was affected during the cell cycle. HeLa cells labelled with mTRANS showed a 2-fold increase in signal intensity in G1 and in G2 (events 'A', but not in events 'B', defined as pre-mitotic and post-mitotic cells, respectively, based the size of the nuclei, in [Figure 4](#gkt015-F4){ref-type="fig"}A and B; for cell size measurements, see [Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)) compared with G0. Interestingly, the lowest value of mTRANS signal was observed in the middle of S-phase (16 h after release from starvation). The increase in mTRANS signal in early G1 and in pre-mitotic cells (events 'A' at 24 h) was accompanied by a corresponding increase of immunolabelling of the mitochondrial transcription and DNA binding factor TFAM ([Figure 4](#gkt015-F4){ref-type="fig"}C and [Supplementary Figure S2B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)). Figure 4.Transcription of the mitochondrial genome during the cell cycle. (**A**) 3D-reconstructed synchronized HeLa cells labelled with mTRANS probe (red), and Hoechst (blue). Scale bar = 10 μm. Fluorescence intensity quantification of (**B**) mTRANS, and (**C**) TFAM. (**D**) RT-qPCR analysis of the individual mitochondrial genes during the cell cycle (*x*-axis, h). *n* = 3. *t*-test, each time point was compared with G0.

We also performed RT-qPCR of each mitochondrial gene at the different phases of the cell cycle, with the exception of tRNAs, using RNA preparations from experiments in [Figures 2](#gkt015-F2){ref-type="fig"} and [3](#gkt015-F3){ref-type="fig"}. Transcript levels during the cell cycle were more heterogeneous for certain genes (e.g. *ND2*, *COI*) than for others (e.g. *ND4*, *COIII*). Nevertheless, for each gene, we observed the highest levels of transcripts in early G1 (2 h), with exception of *ATP8* ([Figure 4](#gkt015-F4){ref-type="fig"}D), confirming the FISH results obtained with probe mTRANS. Moreover, the lowest values of transcripts for each gene were found in the middle of S-phase (16 h), with the exception of *12S*, again confirming the FISH data. Therefore, mTRIP results were validated by RT-qPCR data, and they showed similar trends for the transcription of mitochondrial genes, with the highest levels in G1 and in G2/M, and the lowest at the peak of S-phase. In cells synchronized by detachment, high incorporation of labelled ribonucleotides in mitochondria was observed in G2 ([@gkt015-B34]), in agreement with the present study, but also to some extent in the S-phase, in contrast to present FISH and RT-qPCR data.

Importantly, the distribution of mTRANS labelling ([Figure 4](#gkt015-F4){ref-type="fig"}A) combined to mTRANS and TOM22 signal intensity indicate that variations in the level of mitochondrial transcripts during the cell cycle depend on the fraction of transcript-carrying mitochondria rather than on the amount of transcripts per mitochondria, and this was also the case for the initiation of mtDNA replication shown earlier in the text. Indeed, mTRANS signal accounts for ∼10% of the labelling of the mitochondrial mass (ratio of mTRANS/TOM22; [Supplementary Figure S3B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)) in the middle of the S-phase, and 60--74% in G2/M. In each phase of the cell cycle tested here, a fraction of mitochondria within single cells did not contain detectable levels of transcripts, at least those identified by mTRANS.

mtDNA initiation of replication and transcription are prevalently coordinated with nDNA synthesis after treatment with double thymidine or nocodazole
-----------------------------------------------------------------------------------------------------------------------------------------------------

Previous reports regarding the coordination of mtDNA replication with the cell cycle, have been controversial, and we wondered whether different synchronization procedures used in those studies might account for some of these differences ([@gkt015-B16],[@gkt015-B17],[@gkt015-B19; @gkt015-B20; @gkt015-B21; @gkt015-B22; @gkt015-B23],[@gkt015-B27]). To investigate this possibility, we synchronized cells with two additional treatments: double thymidine, which blocks the cell cycle in G1/S by generating and imbalanced nucleotide pool, and nocodazole, which interferes with the polymerization of microtubules, and arrests cells in the G2/M phase ([@gkt015-B35],[@gkt015-B36]).

After release from treatment with double thymidine, cells resumed S-phase as shown by BrdU incorporation and PCNA immunostaining, completed the cycle and re-entered the next S-phase ∼11 h after the end of the first one ([Figure 5](#gkt015-F5){ref-type="fig"}A and B and [Supplementary Figure S4A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)). The release from G1/S blockage resulted in increase of the mitochondrial mass (measured by TOM22 immunostaining) in S-phase ([Figure 5](#gkt015-F5){ref-type="fig"}C and [Supplementary Figure S4B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)), confirmed by high expression of the biogenesis factor NRF1 ([Figure 5](#gkt015-F5){ref-type="fig"}D), as it was also the case with serum starvation. The levels of mREP were highest in S-phase, following the profile of nDNA synthesis, and remained high until the next S-phase ([Figure 5](#gkt015-F5){ref-type="fig"}E), whereas mTRANS levels, which were also the highest in the S-phase, decreased afterwards, and subsequently increased in the next S-phase ([Figure 5](#gkt015-F5){ref-type="fig"}F). These data are in agreement with a previous study that reported high levels of mtDNA synthesis in the S, G2 and in the next G1 phases after double thymidine treatment, leading to the notion that mtDNA synthesis is continuous during the cell cycle ([@gkt015-B21]). Importantly, we observed also low levels of mtDNA initiation of replication (by mREP labelling) in early S-phase and in G1/S, and this was not examined in the previous study. Taken together, these results define a profile of mtDNA synthesis that appears to be coordinated with nDNA synthesis. Figure 5.Initiation of mtDNA replication and transcription in cells synchronized with double thymidine. (**A**) BrdU incorporation and (**B**) anti-PCNA immunostaining identify phases of cell cycle, indicated on top of columns in (A). The code colour is constant for histograms. (**C**) Quantification of TOM22 immunofluorescence during cell cycle. For cell size measurement, see [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1). (**D**) Expression of NRF1 during cell cycle analysed by RT-qPCR; *n* = 3. *t*-test, each time point was compared with G1/S. (**E**) mREP and (**F**) mTRANS labelling (red) in 3D-reconstructed cells during the cell cycle; scale bar = 10 µm. Fluorescence intensity quantification is indicated on the right.

Several parameters linked to DNA synthesis and transcription were dramatically elevated after double thymidine treatment compared with untreated cells, or cells blocked by serum starvation, namely PCNA labelling, mREP and mTRANS levels, as well as mtDNA and 7S content, despite comparable levels of the mitochondrial mass ([Figure 5](#gkt015-F5){ref-type="fig"} and [Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)).

Release from G2/M cell cycle blocking with nocodazole resulted in an increase in mREP label until S-phase, with a profile similar to that of nDNA synthesis (cf. PCNA and mREP fluorescence intensity histograms, [Figure 6](#gkt015-F6){ref-type="fig"}B and E, [Supplementary Figure S4C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)), and this was also the case for double thymidine treatment. Interestingly, during the cell cycle, 7S levels were consistently higher than mtDNA values, in particular in G1/S (4.6-fold), indicating that a large part of initiation of replication actually results in production of 7S. It is thus possible that variations in the levels of 7S (but not of mtDNA) during the cell cycle that were previously reported for cells treated with double thymidine and nocodazole ([@gkt015-B27]) were largely owing to the synchronization procedures. Moreover, synchronization with nocodazole severely altered the mtDNA content during the cell cycle (with the highest values at the end of the S-phase, [Supplementary Figure S5A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)), differently from serum starvation treatment, which maintained relatively constant levels of mtDNA probably by balanced DNA synthesis and loss. Figure 6.Initiation of mtDNA replication and transcription in cells synchronized with nocodazole. Treatment with nocodazole. Legend as in [Figure 5](#gkt015-F5){ref-type="fig"}. *t*-test, each time point was compared with G2/M.

After release from nocodazole treatment, the mitochondrial mass remained high, with a slight increase in S-phase, a decrease in G2/M and again higher values in the next G1 ([Figure 6](#gkt015-F6){ref-type="fig"}C, [Supplementary Figure S4D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)), a similar but less accentuated profile than with the other cell cycle blockage procedures. We note that the mild increase in the mitochondrial mass in G1 was associated with 9-fold higher transcript levels of the mitochondrial biogenesis factor NRF1 ([Figure 6](#gkt015-F6){ref-type="fig"}D). Finally, mitochondrial transcription, evaluated by mTRANS labelling, was highest in G1, as it was after serum starvation, but also during S-phase ([Figure 6](#gkt015-F6){ref-type="fig"}F), in coordination with the nuclear phase.

Removal of cell blockage by nocodazole globally increased several mitochondrial parameters throughout the entire cell cycle, namely mitochondrial transcription (2.5-fold higher levels of mTRANS and 15--30-fold higher levels of transcripts by RT-qPCR), mtDNA content and, to a lower extent mitochondrial mass compared with untreated cells, or cells synchronized by serum starvation ([Figure 6](#gkt015-F6){ref-type="fig"} and [Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt015/-/DC1)).

DISCUSSION
==========

The analysis of single cells allows detecting distinct mitochondrial and nuclear events, thereby overcoming the risk of contamination among subcellular components that might have occurred in other studies, and provides a unique tool for reconstructing the temporal consequent series of mtDNA processing events during the cell cycle. Taken together, we report that mitochondrial transcription increases in G1 just after release from serum depletion, and it is followed, a few hours later again in G1, by a sharp increase in the initiation of mtDNA replication ([Figure 7](#gkt015-F7){ref-type="fig"}A). Accordingly, mitochondria were reported to promote the G1 to S progression ([@gkt015-B26]). mtDNA initiation of replication and transcription are lowest during nDNA replication. Initiation of mtDNA replication increases again at the end of the S-phase, and it declines subsequently. This last event is followed by high levels of mitochondrial transcription in G2 before cells undergo mitosis. Thus, in cells synchronized by serum depletion mitochondria initiate DNA replication and produce transcripts at the highest levels twice during the cell cycle, the first event before nDNA synthesis, and the second before mitosis. Figure 7.Schematic representation of the temporal consequent series of mitochondrial and nuclear events during the cell cycle. Cell cycle synchronized by (**A**) serum starvation, (**B**) double thymidine and (**C**) nocodazole. nDNA replication as from BrdU incorporation, mtDNA initiation of replication as from mREP labelling, mitochondrial transcription from mTRANS labelling and RT-qPCR of mitochondrial transcripts. *x*-axis and *y*-axis coordinates are arbitrarily represented. X-axis is shifted to place S-phases at the same point for the three synchronization procedures. Arrows below panel (A) indicate the increase of the mitochondrial mass, as from TOM22 immunolabelling, and formation of the giant mitochondrial network promoting G1 to S transition as from reference ([@gkt015-B26]). The same colour code is used for the three panels.

Notably, the coordination of the levels of mtDNA processing during the cell cycle is achieved by modulating the fraction of mitochondria or of mitochondrial structures that initiate mtDNA replication or contain transcripts at a given time. Thus, the processing of the mitochondrial genome, which is present in hundreds/thousands of copies per cell, is active throughout the entire cell cycle but in a limited fraction of mitochondria or mitochondrial structures, whereas peaks of these activities are synchronized with nDNA synthesis, resulting in a prevalent coordination with the cell cycle. Importantly, at each tested phase of the cell cycle, a relevant fraction of mitochondria is silent for initiation of replication and/or transcript accumulation.

Interestingly, blocking the cell cycle in G1/S with double thymidine or in G2/M with nocodazole reveals that mtDNA initiation of replication and transcription are prevalently coordinated with the cell cycle, and that they are synchronized with nDNA synthesis ([Figure 7](#gkt015-F7){ref-type="fig"}B and C). However, both drugs not only affect the cell cycle but also block mtDNA synthesis ([@gkt015-B37],[@gkt015-B38]). Thus, restoring physiological concentrations of deoxynucleotide triphosphates (dNTPs) (after release from double thymidine treatment) and re-establishing a functional microtubule network (after release from nocodazole treatment) might simultaneously promote mtDNA and nDNA synthesis, explaining why these processes appear coordinated.

These results also show that the method of synchronization affects the response of mitochondria, in addition to perturbing the cell cycle ([@gkt015-B39]), and that several key mitochondrial parameters are greatly altered after treatment with double thymidine and nocodazole, compared with serum starvation or untreated cells. Serum starvation also metabolically perturbs cells, as they must perform additional metabolic reactions to return to the cycle ([@gkt015-B40]). However, these alterations appear to be less drastic than drug-induced cell cycle blockage in directly affecting the processing of mtDNA. Despite these differences, we note that all treatments showed that mtDNA synthesis is coordinated with nDNA synthesis in at least one distinct period of the cell cycle, the S-phase (serum starvation additionally showed an earlier coordination between mtDNA replication and transcription with the cell cycle in G1).

The large availability of nucleotides during the nuclear S-phase \[∼20-fold more than in resting cells and several fold more than in G1 ([@gkt015-B41])\] might lead to the prevalent synchronization of mtDNA with nDNA synthesis. However, reported levels of dNTPs do not necessarily correlate with the profile of initiation of mtDNA replication and related parameters that we examined, in particular for synchronization by serum starvation. Moreover, dNTPs especially supplied for mtDNA synthesis by the ribonucleotide reductase p53R3 are produced at low but constant levels throughout the cell cycle ([@gkt015-B42]). Thus, it seem unlikely that mtDNA replication bursts are solely driven by the concentration of dNTPs, and the mechanism of prevalent coordination of mtDNA replication and transcription with the cell cycle remains to be elucidated.

By analysis of nuclear and mitochondrial events in single cells largely based on a novel approach, we reconcile apparently contradictory reports that appeared in the past four decades. We provide evidences that transcription and replication of mtDNA are prevalently coordinated with nDNA synthesis events and also show that this coordination can be adapted in response to alterations in cell physiology. These findings have implications in redefining functional nuclear--mitochondrial links and may help redirect investigations on these interactions in diseased cell states.
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